The status of the green algal genera Haematococcus and Stephanosphaera has been a source of debate among algal systematists. A phylogenetic alliance between Haematococcus (sensu lato) and the colonial Stephanosphaera was affirmed by earlier molecular phylogenetic investigations. Although the data suggested that the genus Haematococcus may not be a monophyletic group, taxon sampling limited the scope of any potential taxonomic revision. Results from new molecular phylogenetic analyses of data from the 18S and 26S rRNA genes support the establishment of a separate genus, Balticola, as originally proposed by Droop in 1956. Haematococcus remains as a valid genus, with H. pluvialis as its only member. The monotypic status of H. pluvialis is supported both by molecular phylogenetic analyses of the ribosomal RNA genes and assessments of molecular evolution in the ITS2 sequences of H. pluvialis strains. The near-complete absence of compensatory base changes in a sequencestructure analysis of the highly variable ITS2 gene from more than 40 geographically diverse isolates of H. pluvialis corroborates the unity of the species inferred from molecular phylogenetic analyses of 18S and 26S rRNA gene sequence data.
Introduction
The unicellular, green algal genus Haematococcus, originally described by Flotow (1844) , is a relatively small group of flagellates comprising as many as six distinct species (Fritsch, 1935; Smith, 1950; Pocock, 1960; Iyengar & Desikachary, 1981; Ettl, 1983; Bold & Wynne, 1985; Thompson & Wujek, 1989; Bourrelly, 1990) . Although not generally known by name, one representative of the 'bloodberry' genus, H. pluvialis (Figs 1, 2; Supplementary Videos 1, 2), is familiar to many gardeners because it produces a thick-walled dormant stage (the akinetes), in which a bright-red pigment, astaxanthin, accumulates. Masses of the red akinetes, which allow H. pluvialis to survive desiccation, are frequently found in bird baths, where the ephemeral nature of the water is particularly well-suited to the life cycle of this alga (Hazen, 1899; Droop, 1956a Droop, , 1956b Pocock, 1960; Almgren, 1966) .
The genus is principally characterized by the unique relationship between the cell wall and the protoplast. These two structural elements are connected by strands of cytoplasm that differ in thickness and degree of branching, depending on the species (Fritsch, 1935; Smith, 1950; Droop, 1956a Droop, , 1956b Ettl, 1983; Bold & Wynne, 1985; Bourrelly, 1990) . The classification of Haematococcus has varied. Cohn (1852) alluded to similarities between Sphaerella (now known as Haematococcus) and the colonial flagellate Stephanosphaera, but Schmidle (1903) was the first to formally propose an alliance between the two. This proposition was largely based on the presence of cytoplasmic threads or strands in both Stephanosphaera and Haematococcus. A number of systematists have subsequently supported the idea of a close alliance between Haematococcus and Stephanosphaera, placing them in the family Haematococcaceae (Fritsch, 1935; Smith, 1950; Droop, 1956a; Fott, 1959; Iyengar & Desikachary, 1981; Ettl, 1983; Wehr & Sheath, 2003) .
Studies of molecular data have corroborated a close alliance between some Haematococcus taxa and Stephanosphaera (Buchheim & Chapman, 1991; Pröschold et al., 2001; Buchheim et al., 2002; Nakada & Nozaki, 2007 Nakada et al., 2008a Nakada et al., , 2008b Demchenko et al., 2012) . However, some of these studies have suggested that Haematococcus is not strictly monophyletic, as H. droebakensis, H. zimbabwiensis ( Fig. 3) and Stephanosphaera (Fig. 4) are allied to the exclusion of H. pluvialis (Buchheim & Chapman, 1991; Hepperle et al., 1998; Pröschold et al., 2001; Nakada et al., 2008b; Demchenko et al., 2012) .
Despite these observations, a more comprehensive sampling of taxa has not been available to properly address the taxonomic and phylogenetic questions concerning these distinctive chlorophytes.
We have therefore undertaken an investigation of molecular variability in the genus Haematococcus, using data derived from nuclear-encoded small (18S) and large (26S) subunit rRNA and internal transcribed spacer 2 (ITS2) genes. We included data from numerous representatives of Haematococcus to establish whether or not the genus is monophyletic and examine diversity within one species, H. pluvialis.
Materials and methods

Sources, culture methods and microscopy
A list of all taxa studied and their provenances are included in the Supplementary Material (Table S1 ). The haematococcacean taxa studied include five Haematococcus species (H. buetschlii, H. capensis, H. droebakensis, H. pluvialis and H. zimbabwiensis) and the colonial Stephanosphaera pluvialis. Taxonomic context was provided by sampling data from all major lineages of the Chlamydomonadales and Volvocales alliance (Nakada et al., 2008b ) -green algae with a clockwise absolute orientation [CW] of the flagellar apparatus components. We also assessed variation within multiple (42) isolates of H. pluvialis (Table S2) . Although some culture collections reference H. lacustris (UTEX 16), this name is regarded as a taxonomic synonym of H. pluvialis (Guiry & Guiry, 2013) .
Freshwater flagellate taxa were grown in modified Volvox medium (McCracken et al., 1980) under Cool-White fluorescent lamps with 12 : 12 h light-dark cycle. Brachiomonas submarina was grown in nine parts modified Volvox medium and one part Marine AlgaGro (Carolina Biological Supply, Burlington, North Carolina, USA) under the same growth conditions. Dunaliella parva was grown in f/2 medium (Maddison & Maddison, 2005) , again with the same diurnal cycle.
All still light microscopy was conducted using an Olympus BH1 chassis (Olympus America, Center Valley, Pennsylvania, USA) equipped with a Pixera 120es digital camera (Pixera Corp., Santa Clara, California, USA) and differential interference contrast optics. Digital still images were recorded using Pixera Viewfinder Pro (v 2.6.1) and edited using Pixera Studio Pro (v 2.5). All video microscopy was conducted using an Olympus BX53 chassis equipped with an Olympus DP72 digital camera and differential interference contrast optics. Digital video images were recorded and edited using the Olympus cellSens Standard (v 1.5) software.
Extraction of DNA, preparation of DNA templates and sequencing Genomic DNA was extracted from the flagellate stages of Haematococcus as described previously (Buchheim et al., 2001). In addition, akinetes of UTEX 16 (H. pluvialis) were harvested from old cultures and DNA was extracted in the same manner described for flagellate stages.
Genomic DNA templates were used for PCR as described previously for both 18S and 26S rDNA (Buchheim et al., 2001 ) and ITS2 (Buchheim et al., 2005 (Buchheim et al., , 2010 . Although most sequencing templates were prepared as described previously (Buchheim et al., 1990; Buchheim & Chapman, 1991; Buchheim et al., 2001) , some PCR products were generated using illustra™ PuReTaq™ Ready-to-Go™ PCR beads (GE Healthcare, Buckinghamshire, UK). PCR products were purified using reagents and supplies included with the illustra™ GFX™ PCR DNA and Gel Band Purification Kits (GE Healthcare). All PCR and cycle sequencing reactions were carried out using an Eppendorf Gradient Thermal Cycler (Brinkman Instruments, Westbury, New York, USA). Sequencing reactions were completed using the reagents and protocols for BigDye v3.1 (ABI, Foster City, California, USA). All sequencing was conducted using an ABI 3130xl Genetic Analyzer (ABI).
Sequence analysis and ITS2 secondary structure prediction
For 18S and 28S rDNA, sequence data for all taxa were manually aligned using MacClade v. 4.08 (Maddison & Maddison, 2005) or Mesquite (Maddison & Maddison, 2011) . A total of 1670 18S aligned sites and 2088 26S aligned sites were analysed. The 18S and 28S rDNA alignments are available as Supplementary files 1 and 2. Regions of sequence for which an unambiguous alignment could not be obtained because of variability in length and base composition were excluded from the analysis. Gaps were coded as unknown. The 18S and 26S rDNA data were analysed using Maximum Likelihood (ML) as implemented in PAUP* v. 4.0b10 (Swofford, 2002) or MEGA5 (Tamura et al., 2011) , and Bayesian Inference (BI) as implemented in MrBayes v. 3.1.2 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) . Two sets of analyses were completed using each approach. One set of analyses was performed on a large sample of chlamydomonadalean taxa but using only 18S rDNA data. A second set of analyses involved a reduced taxon sampling scheme for which a concatenated 18S and 26S rDNA dataset could be constructed. The tree bisectionreconnection branch-swapping algorithm in PAUP* was used to search tree space for the ML analyses. Bootstrap (BS) support (Felsenstein, 1985) was estimated based on 100 pseudoreplicates for each set of analyses. All BI analyses were conducted using one million generations, sampling every 1000 generations and a burn-in set to 25%. Runs were ended after the standard deviation of split frequencies fell below 0.01. Outgroup data were used to root all trees. The outgroup taxa -Ankistrodesmus, Acutodesmus, Neochloris, Hydrodictyon and Pediastrum -belong to the order Sphaeropleales which is regarded as a sister group to the chlamydomonadalean flagellates (Buchheim et al., 2001) .
Using Hidden Markov Models (HMMs) nuclear ribosomal RNA, internal transcribed spacer 2 (ITS2) sequences were annotated according to Keller et al. (2009) , i.e. 'Annotate' searches were performed for the highly conserved flanking regions, 5.8S and 26S rRNA genes. Based on the minimum free energy, ITS2 secondary structures of Chlamydomonas applanata, Stephanosphaera sp. and Haematococcus pluvialis (SAG 34-1h) were directly folded with the help of the RNAstructure program (Mathews et al., 2004) and subsequently manually corrected. The predicted ITS2 secondary structure of Haematococcus droebakensis was obtained from the ITS2 database Selig et al., 2008; Koetschan et al., 2010 Koetschan et al., , 2012 , whereas the secondary structures of Stephanosphaera pluvialis and the additional 42 strains of Haematococcus (Table S2) were predicted by homology modelling , using either Stephanosphaera sp. (for S. pluvialis) or Haematococcus pluvialis SAG 34-1h (for the Haematococcus) strains as a template.
In accordance with Keller et al. (2010) , phylogenetic analysis of ITS2 followed the procedures outlined in Schultz & Wolf (2009) , Koetschan et al. (2012) , Merget et al. (2012) and Markert et al. (2012) . Specifically, a global multiple sequencestructure alignment was automatically generated in 4SALE v1.7 (Seibel et al., , 2008 , whereby ITS2 sequences and their secondary structures were simultaneously aligned using an ITS2 sequence-structure specific scoring matrix . 4SALE uses ClustalW (Larkin et al., 2007) but with a specified scoring matrix, fitted to a 12-letter alphabet specifically constructed for ITS2 sequence-structure data (obtained from the ITS2 sequence-structure pairs available in the ITS2 database). Hence 4SALE does not use a 4 × 4 scoring matrix but rather a 12 × 12 matrix for each nucleotide, with its three structural states (paired left, paired right or unpaired). The ITS sequence-structure alignment is available upon request from the senior author.
Based on the simultaneous consideration of the primary sequence and secondary structure information, phylogenetic relationships were reconstructed by Neighbour-joining (NJ) through the use of an ITS2 sequence-structure specific general time reversible (GTR) substitution model as implemented in ProfDistS v0.9.9 (Friedrich et al., 2005; Wolf et al., 2008) . Bootstrap support (Felsenstein, 1985) was estimated based on 100 pseudoreplicates. The tree was rooted with Chlamydomonas applanata and visualized using Treeview (Page, 1996) . Compensatory base changes (CBCs) were identified using the CBCAnalyzer option implemented in 4SALE v1.7 Seibel et al., 2006 Seibel et al., , 2008 .
Results
18S rRNA gene sequence data
Phylogenetic analysis of 18S rDNA data from an extensive sampling of chlamydomonad taxa (CW flagellates) revealed two distinct Haematococcus lineages (Fig. 5) . One included all isolates of H. pluvialis and the one strain of H. lacustris (UTEX 16). In a pattern that is consistent with the assertion that H. lacustris is a taxonomic synonym of H. pluvialis, the former is phylogenetically embedded within the latter. Ettlia carotinosa, Rusalka and Brachiomonas were resolved as close allies of the H. pluvialis clade, all of them belonging to the 'Chlorogonia' clade (named by Nakada et al., 2008b) , which also includes Chlorogonium and Chlamydomonas perpusilla (Fig. 5) . The other Haematococcus lineage -comprising H. buetschlii, H. capensis, H. droebakensis, H. zimbabwiensis, Stephanosphaera pluvialis and Stephanosphaera sp. -was resolved as the sister group to Hamakko caudatus ( Phylogenetic tree from ML analysis of 18S rRNA gene sequence data. The tree was rooted using data from the sphaeroplealean taxa Ankistrodesmus, Pediastrum, Hydrodictyon, Neochloris and Acutodesmus. Bootstrap values greater than or equal to 70 (from 100 replicates) and posterior probabilities greater than or equal to 0.95 (from Bayesian Inference) are mapped to the corresponding internodes (ML bootstrap/BI probability). All Haematococcus and Stephanosphaera taxa are presented in bold. Accession numbers for each sequence accompany each species name (see also Table S1 ).
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leads to H. zimbabwiensis), which did not exhibit robust support (BS = 70, PP <0.95). Other allies in the 'Stephanosphaerinia' clade (Nakada et al., 2008b) include Deasonia, Ettlia minuta, Nautococcus, Chlamydopodium, Pleurastrum, Macrochloris, Ascochloris, Gongrosira, Spongiochloris, Chlorosphaeropsis and Protosiphon. The 18S rDNA data (both ML and BI) resolved the Chlorogonia and Stephanosphaerinia clades as sister groups (BS = 73, PP = 0.99).
The 'Crucicarteria' clade (Nakada et al., 2008b ) was resolved as 'basal' within the ingroup, i.e. sister to the clade containing all other ingroup lineages (Fig. 5) . Both analyses (ML and BI) showed strong support for others of Nakada et al.'s taxa, namely the Oogamochlamydinia (e.g. Oogamochlamys), the Reinhardtinia (e.g. Chlamydomonas reinhardtii), the Radicarteria (e.g. Carteria radiosa), the Chloromonadinia (e.g. Chloromonas radiata), the Moewusinia (e.g. Chlamydomonas moewusii), the Phacotinia (e.g. Pteromonas), the Characiosiphonia (e.g. Characiosiphon), and the Dunaliellinia (e.g. Dunaliella). However, the 18S rDNA data did not provide robust support for the relative positions of these major chlamydomonad groups. Furthermore, the 18S rDNA data placed Pyrobotrys stellata and Dysmorphococcus globosus as members of the CW group of green flagellates, but the relative positions of these taxa and the identity of putative allies were not clarified by our data (Fig. 5) .
Combined 18S and 26S rRNA gene sequence data
Results from analyses of concatenated 18S and 26S rDNA data also resolved the same two lineages of Haematococcus taxa -one comprising H. pluvialis strains and another comprising H. buetschlii, H. capensis, H. droebakensis, H. zimbabwiensis and Stephanosphaera sp. (Fig. 6) . The alliance of H. pluvialis isolates grouped with other chlamydomonad taxa in the Chlorogonia (Nakada et al., 2008b) lineage (Fig. 6) . The remaining alliance of Haematococcus taxa grouped with chlamydomonad taxa in the Stephanosphaerinia lineage (Fig.  6) . The Stephanosphaera clade (BS = 100, PP = 1.0) was resolved as sister group to a Haematococcus clade (BS <70, PP <0.95). The Stephanosphaera + Haematococcus alliance in the Stephanosphaerinia clade showed robust support (BS = 100, PP = 1.0). As with the analyses of 18S rDNA data alone, analyses of the concatenated data supported the Chlorogonia and Stephanosphaerinia as a monophyletic group (BS = 89, PP = 1.0: Fig. 6) .
Results from analyses of the concatenated datasets resolved the same groups of taxa that were supported in the analyses of 18S rDNA data alone, namely the Crucicarteria, Radicarteria, Chloromonadinia, Reinhardtinia, Oogamochlamydinia, Moewusinia, Phacotinia, Characiosiphonia, Dunaliellinia and Polytominia groups of Nakada et al. (2008b) (Fig. 6) . The concatenated data strongly support the Crucicarteria (BS = 100, PP = 1.0) and the Radicarteria (BS = 100, PP = 1.0) as a basal grade of quadriflagellate taxa (Fig. 6) . The concatenated data also support monophyly of a {Moewusinia + Phacotinia + Characiosiphonia + Dunaliellinia + Polytominia + Chlorogonia + Stephano sphaerinia + Dysmorpho coccus globosus} alliance (BS = 80, PP = 1.0).
Topological constraints
The genus Haematococcus was constrained as a monophyletic group using the topological constraints command in PAUP* for a ML analysis using each of the two datasets. Optimal and constraint trees were compared using the Approximately Unbiased (AU) test as implemented in CONSEL (Shimodaira & Hasegawa, 2001; Shimodaira, 2002) . Optimal trees from both sets of analyses were statistically favoured over the constraint trees that forced monophyly of {Haematococcus + Stephanosphaera} (Table 1) . Forcing non-monophyly of the Haematococcus taxa in the Stephanosphaerinia clade (putative Balticola taxa) indicated that the optimal topology (Balticola monophyly) is favoured over the constraint topology (nonmonophyly of Balticola), but without statistical significance (Table 2) .
ITS2 data
The final secondary structure model for Haematococcus (based on H. pluvialis SAG 34-1h), showing helices I, II, III and IV, is presented in Fig. 7 . Results from sequence-structure analyses of the ITS2 revealed a monophyletic assemblage of H. pluvialis isolates (Fig. 8) , which is comprised of five lineages that have been designated 'Pluvialis A' to Pluvialis E (Fig. 8) . Generally, no CBCs were detected between different isolates of H. pluvialis. Compensatory base change analysis revealed only a single CBC in SAG 34-1m (AU) when compared with all but two (SAG34-1c and SAG44.96) of the remaining H. pluvialis isolates (GC). However, when isolates of H. pluvialis were compared with H. droebakensis, H. zimbabwiensis and Stephanosphaera, from five to eight CBCs were identified. These CBCs were detected in helices I, II and III with a majority found in the latter.
Discussion
Haematococcus, Stephanosphaera and Balticola Both the 18S rDNA and concatenated 18S + 26S rRNA gene sequence datasets support a close alliance of Stephanosphaera, H. buetschlii, H. capensis, H. droebakensis and H. zimbabwiensis to the exclusion of H. pluvialis (Figs 5, 6 ). The delineation of the genus Stephanosphaera is largely based on its colonial habit, contrasting with the unicellular habit in Haematococcus (Fritsch, 1935; Smith, 1950; Iyengar & Desikachary, 1981; Ettl, 1983; Bold & Wynne, 1985; Bourrelly, 1990) . However, the individual vegetative cells comprising the colonies of Stephanosphaera are cytologically similar to cells of H. droebakensis, H. zimbabwiensis, and, to a lesser extent, H. capensis (Droop, 1956a (Droop, , 1956b Pocock, 1960; Ettl, 1983) . Indeed, Droop (1956a) 
stated that
Stephanosphaera has more features in common with H. droebakensis than the latter has with H. pluvialis.
Both genera exhibit cytoplasmic strands connecting the protoplast with the cell wall, but cells of H. droebakensis and close allies generally possess strands that are thickened at the base, whereas cells of H. pluvialis have uniformly thin cytoplasmic strands. The molecular evidence presented here indicates that either (1) the cytoplasmic threads have independent origins in the two Haematococcus lineages, or (2) the Fig. 6 . Phylogenetic tree from ML analysis of combined 18S and 26S rRNA gene sequence data. The tree was rooted using data from the sphaeroplealean taxa Ankistrodesmus, Pediastrum, Hydrodictyon, Neochloris and Acutodesmus. Bootstrap values greater than or equal to 70 (from 100 replicates) and posterior probabilities greater than or equal to 0.95 (from Bayesian Inference) are mapped to the corresponding internodes (ML bootstrap/BI probability). A second set of bootstraps and posterior probability values (separated from the first set by a vertical hash mark), derived from an analysis of complete 18S+26S rRNA sequence data, are mapped to the nodes associated with the Haematococcus (putative Balticola) + Stephanosphaera clade. All Haematococcus taxa (and Stephanosphaera) are presented in bold. Accession numbers for the concatenated sequences (18S and 26S rRNA genes, respectively) accompany each species name (see also Table S1 ).
cytoplasmic threads have a single origin that pre-dates the Chlorogonia-Stephanosphaerinia split. In addition, the species of H. buetschlii, H. capensis, H. droebakensis, H. zimbabwiensis and Stephanosphaera rarely possess more than two pyrenoids per cell, whereas H. pluvialis frequently has three or more pyrenoids (Droop, 1956a (Droop, , 1956b Pocock, 1960; Almgren, 1966; Ettl, 1983) . These morphological observations led Droop (1956a) to erect a new genus, Balticola, to accommodate the differences between H. pluvialis and other species of Haematococcus. The new genus was erected to include H. buetschlii, H. capensis, H. droebakensis and H. zimbabwiensis. Although Droop's proposal had few supporters (Almgren, 1966) , most algal systematists agreed that differences do exist between H. pluvialis and the other species of Haematococcus (Pocock, 1960; Ettl, 1983) .
Topological constraint experiments (AU tests) that allowed us to test monophyly of Haematococcus in each of the molecular datasets showed that the nonmonophyly of Haematococcus (sensu lato) is statistically robust (Table 1) . All isolates of H. pluvialis form a robust clade with Ettlia carotinosa that is deeply embedded in the Chlorogonia clade. In contrast, the putative Balticola taxa (H. buetschlii, H. capensis, H. droebakensis and H. zimbabwiensis), Stephanosphaera pluvialis and Stephanosphaera sp. comprise a robust clade that is sister to Hamakko caudatus. The latter is a fusiform green alga that possesses a pair of pyrenoids that flank the nucleus ) -a feature that resembles the typical position of dual pyrenoids in H. droebakensis (Droop, 1956a; Pocock, 1960; Almgren, 1966; Ettl, 1983) .
Our molecular phylogenetic results are consistent with the abundance of apomorphic anatomical and morphological traits shared by Stephanosphaera and all species of Balticola. Ironically, none of the taxonomic and systematic assessments of the Balticola taxa and Stephanosphaera (Droop, 1956a; Pocock, 1960; Almgren, 1966) identify traits that would simultaneously diagnose a monophyletic Balticola and a monophyletic Stephanosphaera. Nonetheless, our most robust molecular phylogenetic hypotheses support a monophyletic Stephanosphaera and a monophyletic Balticola. Constraint experiments ( Table 2 ) further demonstrate that Balticola monophyly is consistent with our data, but the clade is not particularly robust. In order to assess the impact of including all nucleotide sites, we conducted a taxonomically focused set of phylogenetic analyses for the Balticola plus Stephanosphaera alliance that was rooted using data from Deasonia and Chlamydopodium. This supplemental analysis resolved the same topology for Balticola and Stephanosphaera (see Fig. 6 ). Including all of the data in the supplemental analysis resulted in modest improvements to the posterior probabilities for two internal nodes of the Stephanosphaera plus Balticola clade (see Fig. 6 ), but failed to provide robust support for Balticola monophyly.
We have presented an unequivocal case for Haematococcus (sensu lato) non-monophyly. In addition, our best-supported hypothesis favours monophyly of Balticola as originally proposed by Droop (1956a) . While corroborative tests of Balticola monophyly should be undertaken (e.g. studies of rbcL or ITS2 data; see below), we believe that sufficient evidence exists to support the Droop (1956a) revision to Haematococcus. Current members of the genus Balticola include B. capensis, B. buetschlii, B. droebakensis, and B. zimbabwiensis. Based on the presence of thickened cytoplasmic strands, it is our opinion that H. carocellus (Thompson & Wujek, 1989) should also be transferred to the genus Balticola. Unfortunately, culture material of H. carocellus is not available for molecular phylogenetic assessments.
Haematococcus pluvialis
The organism we refer to as H. pluvialis is the 'bird bath' alga described in the introduction. Of all the taxa historically ascribed to the genus Haematococcus, only H. pluvialis produces a vegetative resting stage (the akinete) that accumulates copious amounts of the carotenoid astaxanthin (Droop, 1956a (Droop, , 1956b Pocock, 1960; Almgren, 1966 ). As noted above, H. pluvialis also differs from other Haematococcus Buchheim et al. 324 (sensu lato) taxa in possessing numerous pyrenoids (vs. only one or two) and delicate (vs. robust) threads of cytoplasm that connect the cell wall to the main body of the protoplast (Hazen, 1899; Droop, 1956a Droop, , 1956b Pocock, 1960; Almgren, 1966; Ettl, 1983 ). Our data confirm that H. pluvialis is phylogenetically distant from the taxa now to be placed in the genus Balticola. Further evidence of a genetic gulf between H. pluvialis and the Balticola-Stephanosphaera lineage is the high number of CBCs (5-8) between them. A study of DNA fingerprint data revealed variation among 10 different strains of H. pluvialis, including evidence of geographical bias (Mostafa et al., 2011) . Our sequence-structure analysis of ITS2 from a large sample of H. pluvialis strains also revealed substantial variation among the strains from a global range of provenances (Supplementary Table S2 ). Preliminary assessments of variability among the strains of H. pluvialis considered here also indicate that Haematococcus diversity exhibits geographical bias (Buchheim, unpublished observations) . However, a formal assessment of biogeographical diversity is beyond the scope of this investigation.
Bootstrap data indicate that at least five distinct H. pluvialis lineages exist (lineages A-E, Fig. 8 ). Despite the range of primary and secondary structure variation, only one strain (SAG 34-1m) exhibited a CBC when compared with other strains of H. pluvialis. This observation of the ITS2 data is consistent with the notion that this assemblage of strains is conspecific (Müller et al., 2007) . Nonetheless, studies of additional markers may force us to conclude that the variation within H. pluvialis is taxonomically relevant. Moreover, the close alliance of Ettlia carotinosa with H. pluvialis indicates that future taxonomic revision may be necessary. Interestingly, this alliance is consistent with past assessments of Ettlia carotinosa, which suggested that it could be easily confused for Haematococcus phylogeny 325 akinetes of the latter (Starr, 1954; Brown et al., 1967) since both produce astaxanthin. For a variety of reasons, a much closer scrutiny of E. carotinosa is needed. For example, the original description indicates that the zoospores of E. carotinosa (formerly Chlorococcum wimmeri) bear only two apical contractile vacuoles (Starr, 1954) , whereas Haematococcus bears multiple (>2) contractile vacuoles that are scattered throughout the cytoplasm (see below; Supplemental Video 3). If carotenoid accumulation is the only relevant organismal synapomorphy for E. carotinosa and H. pluvialis, why are their ribosomal RNA genes so similar?
Convergent or ancestral traits
The results of this investigation indicate that a number of traits that have been traditionally cited as evidence of a haematococcacean alliance (Fritsch, 1935; Smith, 1950; Iyengar & Desikachary, 1981; Ettl, 1983; Bold & Wynne, 1985; Bourrelly, 1990 ) must be re-examined. The existence of multiple (>2), scattered (nonapical) contractile vacuoles has been cited in support of the Haematococcaceae (Ettl, 1983) . However, Chlorogonium cells also possess multiple, scattered contractile vacuoles, which led Ettl (1983) to unite Chlorogonium with Haematococcus (sensu lato) and place Stephanosphaera in the Haematococcaceae. Our data indicate a relatively close alliance between Chlorogonium, Rusalka (a new genus split from Chlorogonium: Nakada et al., 2008a) and H. pluvialis (Figs 5, 6 ). As noted above, Stephanosphaera and the Balticola taxa are not part of the major clade that contains Chlorogonium and H. pluvialis, but rather are allied in the Stephanosphaerinia. Pseudocarteria Fig. 8 . Sequence-structure Neighbour-joining (NJ) tree obtained by ProfDistS v0.9.9 and supporting bootstrap values >50 (100 pseudo-replicates). The tree was rooted using data from Chlamydomonas applanata.
M. A. Buchheim et al. 326 has also been described as bearing multiple scattered contractile vacuoles (Ettl, 1983) . Although not included in our analysis, studies of rbcL data indicate that Pseudocarteria belongs in the Radicarteria lineage (Nozaki et al., 2002) . Thus, the presence of multiple, scattered contractile vacuoles appears to be an ancestral feature within the chlamydomonad alliance. The retention of parental flagella during sporulation is another feature shared by Haematococcus (sensu lato) and Stephanosphaera (Droop, 1956a (Droop, , 1956b Ettl, 1983) . Similar to the contractile vacuole trait, this peculiar feature of cell motility has been found in other chlamydomonad lineages including Brachiomonas (Segaar & Gerritsen, 1989) , Polytoma (Ettl, 1983) and Chlorogonium (Ettl, 1983) , indicating the likelihood that it is plesiomorphic for Haematococcus (sensu lato) and its allies. The presence of the red carotenoid pigment, astaxanthin, has been noted in support of a traditional Haematococcus alliance. However, similar pigments have been observed in species of Chlorococcum, Dunaliella, Chlorogonium, Polytoma and Protosiphon (Brown et al., 1967; Ettl, 1983; Zhang et al., 1997; Orosa et al., 2000) . Unless these latter examples are ultimately deemed to be biochemically distinct from the pigment found in Haematococcus, the presence of astaxanthin should be regarded as a more generally occurring trait among the chlamydomonad green algae.
While the myriad of molecular phylogenetic assessments of chlamydomonad diversity are providing new phylogenetic insights, it appears inevitable that several of the major clades of chlamydomonad algae (e.g. Moewusinia, Reinhardtinia and Stephanosphaerinia) will only be diagnosed by molecular markers. A modern approach to algal taxonomy is a tremendous undertaking that requires training in molecular phylogenetic methods, experience with light and electron microscopy, and knowledge of a large body of taxonomic and systematic data. Nonetheless, the recent examples of generic revisions of Chloromonas (Nozaki et al., 2002) , Chlorogonium (Nakada et al., 2008a and Chlamydomonas (Pröschold et al., 2001; Demchenko et al., 2012) highlight how absolutely critical these combined approaches are to advancing our understanding of the chlamydomonad flagellates.
Re-establishment of Balticola
Balticola Droop ORIGINAL DESCRIPTION: Droop (1956a 
